Introduction {#sec1}
============

Huntington disease (HD) is a fatal neurodegenerative genetic disorder that affects motor function and leads to behavioral symptoms and cognitive decline in adulthood, resulting in total physical and mental deterioration over a 12- to 15-year period.[@bib1]^,^[@bib2] HD is caused by the expansion of CAG trinucleotides in exon 1 of a multifunctional gene coding for the huntingtin (Htt) protein.[@bib2] The exact role of the mutant protein in the disease pathophysiology is not fully elucidated, but it is thought that a toxic gain of function is responsible for the initial development and progressive neurodegeneration in HD.[@bib3] Based on the current preclinical data and hypotheses, reduction of mutant (toxic) *HTT* is anticipated to ameliorate disease progression, which has motivated various approaches to *HTT* lowering.

To lower HTT, we developed an adeno-associated viral vector serotype 5 (AAV5) that delivers a microRNA (miRNA) that targets human *HTT* mRNA (AAV5-miHTT). AAV5-miHTT is a one-time gene therapy candidate for HD based on the lowering of mutant *HTT* expression using RNAi.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8] The expression cassette for AAV5-miHTT consists of the cytomegalovirus immediate-early enhancer fused to chicken β-actin (CAG) promoter, the pri-miHTT expression cassette engineered in the pri-miR-451 backbone, and the human growth hormone poly(A) signal.[@bib4] The AAV5-miHTT cassette is flanked by two intact noncoding inverted terminal repeats (ITRs) that originate from the wild-type AAV2 viral genome. In several rodent, minipig, and nonhuman primate studies, AAV5-miHTT has demonstrated preferential vector distribution and miRNA expression in the striatum, the primary site of neurodegeneration in HD, and in the sensorimotor cortex, also affected during disease progression.[@bib6]^,^[@bib8] This expression of therapeutic miHTT in key brain areas relating to HD results in lowering of *HTT* mRNA and mutant Htt protein, reduction in mutant Htt aggregates, and improvements in neuronal dysfunction, behavior, and survival in different small and large animal disease models.[@bib5], [@bib6], [@bib8]

AAV5-miHTT was specifically designed to optimize *HTT* mRNA lowering while avoiding off-target effects. To eliminate a potential source of off-target effects, AAV5-miHTT was designed using the pri-miR-451 backbone so that when the miRNA is processed into the active guide strand there is no passenger-strand production.[@bib4] The *HTT* mRNA lowering effect of miHTT is based on 21--23 nucleotide homology, so theoretically there is a potential that it might also bind and lower the expression of other genes. To investigate this, the current study examined putative off-target activity of AAV5-miHTT seed sequence, AAV5-miHTT and *HTT*-lowering specific effects, miHTT-related total transcriptome and gene pathway changes, and cell-type-specific effects. As off-target activity may be both species and cell type specific, these analyses were done in a cell system that as closely as possible resembles the human patient situation, that is, neuronal and astrocytic cell cultures derived from induced pluripotent stem cells (iPSCs) from two individuals with HD ([Figure S1](#mmc1){ref-type="supplementary-material"}).

Results {#sec2}
=======

Dose-Dependent AAV5-miHTT Transduction and miHTT Expression in HD Patient iPSC-Derived Neuronal Cultures Leads to Human *HTT* mRNA and Htt Protein Lowering {#sec2.1}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

The aim of this study was to examine the efficacy of AAV5-miHTT in human neural cells from two individuals with HD and to rule out potential off-target effects. To examine efficacy, iPSCs were differentiated into a mixed population of neuronal and astrocytic cells ([Figure S1](#mmc1){ref-type="supplementary-material"}) by dual inhibition of SMAD signaling.[@bib9] The neuronal population is a mixture of predominantly frontal brain-like neurons and astrocytes as determined by microtubule-associated protein 2 (MAP2) staining for neuronal cells and glial fibrillary acidic protein (GFAP) staining for astrocytes ([Figure S2](#mmc1){ref-type="supplementary-material"}). Neuronal cultures were transduced with a MOI of 10^5^, 10^6^, or 10^7^ for AAV5-miHTT and harvested 10 days post-transduction. In this disease-relevant system, AAV5-miHTT transduction resulted in a dose-dependent expression of vector DNA ([Figure 1](#fig1){ref-type="fig"}A) and subsequent dose-dependent expression of mature miHTT in HD patient iPSC-derived neuronal cultures ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Dose-Dependent AAV5*-*miHTT Transduction and miHTT Expression in HD71 Patient iPSC-Derived Neuronal CultureHD patient iPSC-derived neuronal culture was transduced with AAV5-miHTT at a MOI of 10^5^, 10^6^, or 10^7^. (A) Ten days post-transduction, DNA was isolated and AAV5*-*miHTT vector DNA gc per μg gDNA was determined by SYBR Green qPCR. The dotted line reflects the lower limit of quantification for vector DNA. (B) Simultaneously, RNA was isolated and mature miHTT expression was determined relative to AAV5-GFP at a MOI of 10^7^, using U6 as a reference gene. The dotted line reflects the miHTT assay background.

Consistent with vector DNA and mature miHTT expression, a dose-dependent reduction of HTT mRNA of up to 56.8% ([Figure 2](#fig2){ref-type="fig"}A) and a reduction in total Htt protein of up to 68% ([Figure 2](#fig2){ref-type="fig"}B) was observed compared with control-treated cells. These data indicate that human iPSC-derived neuronal cultures from HD patients can be effectively transduced by AAV5-miHTT, which results in significant lowering of human *HTT* mRNA and human Htt protein.Figure 2*HTT* mRNA and Mutant Htt Protein Lowering in HD71 Patient iPSC-Derived Neuronal Culture(A) *HTT* mRNA levels relative to the mean expression in control-treated cells (AAV5-GFP at a MOI of 10^7^) were determined by gene-specific TaqMan qPCR. (B) Ultra-sensitive single molecule counting assay with 2B7 and MAB2166 antibodies to quantify human Htt protein (both wild-type and mutant), relative to AAV5-GFP at a MOI of 10^7^. Data were evaluated using a one-way ANOVA and corrected using a Bonferonni test. \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 versus controls.

Also, we have examined the effects of AAV5-miHTT and AAV5-GFP treatment on the neuronal morphology of HD patient iPSC-derived neuronal cultures. No changes in neuronal morphology were seen between any of the conditions, showing that both AAV5-GFP and, specifically, AAV5-miHTT are well tolerated by HD iPSC-derived neuronal cultures ([Figure S3](#mmc1){ref-type="supplementary-material"}).

Processing of miHTT in HD Patient iPSC-Derived Neuronal Cultures Results in Guide Strand Expression without Passenger Strand Activity and Saturation of the Endogenous RNAi Machinery {#sec2.2}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Having demonstrated the efficacy of AAV5-miHTT, we next investigated the processing of the therapeutic miHTT in human cells. The scaffold miR-451 that we used employs a dicer-independent pathway.[@bib10]^,^[@bib11] First, drosha cleaves the miR-451 precursor and is loaded into Ago2. Ago2 cleaves the opposite nucleotide 10--11 of the guide strand and produces the typical 30-nt fragment. This product is further trimmed by the poly(A)-specific ribonuclease (PARN) to the mature 22- to 26-nt miR-451.[@bib12] The trimming is not an essential process, and mature miR-451, which is longer than the mature length, still remains functional.[@bib13] Drosha processing at the 5′ end always results in the cleavage of a single-seed sequence. Thus, all processed guide strands have identical 3′ seed regions with identical on-target functionality and off-target activity. The main advantage of using the miR-451 precursor is the complete lack of a passenger strand processing and thus reduces off-target activity as compared to other scaffolds.[@bib4] Small RNA sequencing showed that the mature miHTT was processed correctly without any passenger strand activity ([Figure S4](#mmc1){ref-type="supplementary-material"}). The most abundant percentage form of the mature miHTT molecule was 24 nt long (45.7%). No miHTT-derived sequences aligned to the formulation buffer-treated control samples, indicating the specificity of the small RNA sequencing analysis. These data indicate that AAV5*-*miHTT has no risk of passenger-derived off-target effects. The lack of passenger strand formation and processing of miHTT to a 24-nt-long mature sequence supports its superior potential for high efficacy without off-target activity.

Two important aspects besides the processing and passenger strand formation of our therapeutic miRNA are (1) the potential changes in endogenous *miRNA* expression and (2) potential saturation of endogenous RNAi machinery by AAV5-miHTT (i.e., level of expression of miHTT with respect to endogenous miRNAs). To address these questions, small RNA sequencing was performed. The first analysis compared the small RNA reads of neuronal cultures from one of the HD patients (HD71) treated with either AAV5-miHTT at a MOI of 10^7^ (n = 4) or formulation buffer (n = 4). After Bonferroni's correction, only 10 endogenous miRNA transcripts were found to be significantly differentially expressed after AAV5-miHTT transduction of HD iPSC-derived neuronal cultures. The changes in expression compared with formulation buffer-treated cells were small, being the maximum fold increase of 1.58 (miR-34a) and the maximum fold decrease of 1.79 (miR-431) ([Figure 3](#fig3){ref-type="fig"}). Such a low differential expression (\<2-fold) is not expected to have any appreciable biological relevance.[@bib14]^,^[@bib15] For each endogenous miRNA that was significantly differentially expressed, target transcripts were assessed *in silico* ([Table S1](#mmc1){ref-type="supplementary-material"}). RNA sequencing (RNA-seq) analysis confirmed that none of the target transcripts showed significant alterations, except for the Retrotransposon-like protein 1 (*RTL1*) transcript. However, the *RTL1* transcript showed the same alteration when compared to AAV5-GFP, indicating that this is rather an AAV5 vector-related effect and not due to miHTT treatment ([Table S2](#mmc1){ref-type="supplementary-material"}).Figure 3Small RNA Sequencing Analysis of AAV5*-*miHTT-Treated HD71 iPSC-Derived Neuronal CultureHD71 patient iPSC-derived neuronal culture was transduced with AAV5-miHTT at a MOI of 10^7^ (n = 4) and formulation buffer (n = 4) as control. Ten days after transduction, RNA was isolated and small RNA sequencing was performed. The reads were aligned to the human reference sequence. The small RNA reads of the AAV5-miHTT-treated samples were compared to the reads of the control samples (treated with formulation buffer-treated) to obtain the relative expression of endogenous small RNAs of treated versus control samples (cut-off false discovery rate p value \<0.05). Relative expression was calculated and expressed as fold change compared with controls.

To ensure that overall expression levels of endogenous miRNAs were not affected, absolute mature miRNA counts were determined in AAV5*-*miHTT-treated HD71 iPSC-derived neuronal cultures. In total, 4.12 × 10^7^ mature miRNA sequences could be annotated to the human genome, of which 650,793 counts (of 63,914 unique small RNA reads with a maximum of two mismatches to the human genome) were aligned to the mature miHTT sequence (=1.58%) ([Figure 4](#fig4){ref-type="fig"}). There are also other endogenous miRNAs expressed at higher levels than miHTT. Thus, the small transcriptome analysis indicates that therapeutic miHTT was expressed at physiological levels, correctly processed, did not influence the expression of endogenous cellular miRNAs, and was unlikely to impact endogenous miRNA gene regulation.Figure 4Small RNA Sequencing Analysis of AAV5-miHTT-Treated HD71 iPSC-Derived Neuronal CultureTop 50 of the most abundant small transcripts. The red bar reflects the number of mature miRNA counts that aligned to miHTT, and the blue bar reflects the total mature small RNA count.

No Altered Expression of *In Silico*-Predicted AAV5-miHTT Off-Target Genes {#sec2.3}
--------------------------------------------------------------------------

Although AAV5-miHTT was designed to specifically target the *HTT* mRNA transcript, complementarity with other transcripts might result in off-target lowering of other genes. AAV5-miHTT off-target activity was predicted using BLAST to search for transcripts with partial complementarity with the guide strand using the *Homo sapiens* reference RNA sequence database (refseq_rna GCF_000001405.38 \[GRCh38.p12\]). The shortest (19 nt), the longest (30 nt), and the most abundant (24 nt) mature miHTT sequences obtained by the small RNA-seq were used for *in silico* prediction using various stringent and less stringent algorithms, accepting up to just 7-nt homology. The off-target activity of the passenger strand was not investigated, as there was no evidence of passenger strand processing after AAV5-miHTT treatment. siSPOTR was used to predict the binding of the AAV5-miHTT seed sequence (nucleotide 2--8) to predominantly the 3′ UTR of target transcripts.[@bib16] From these *in silico* searches, 19 potential off-target genes were identified (10 genes using the BLAST approach, and 9 with the siSPOTR approach) and were assessed by qPCR in RNA samples of AAV5-miHTT-treated cells compared with formulation buffer-treated samples. AAV5-GFP at the same MOI was included as a viral transduction control in order to differentiate between potential off-target effects of miHTT and of AAV5 itself. None of the *in silico*-predicted genes was significantly downregulated or upregulated after AAV5-miHTT treatment or AAV5-GFP treatment of neuronal cell cultures from either HD patient (HD71 of HD180) relative to formulation buffer-treated samples ([Figure 5](#fig5){ref-type="fig"}A). There were also no significant changes in mRNA expression of the siSPOTR-predicted off-target genes after AAV5-miHTT or AAV5-GFP treatment ([Figure 5](#fig5){ref-type="fig"}B). These data indicate that there are no significant effects of the therapeutic miHTT on non-target genes.Figure 5qPCR Analysis of *In Silico*-Predicted AAV5-miHTT Off-Target Genes in HD71 and HD180 Patient iPSC-Derived Neuronal Cultures(A) BLAST top hits. (B) siSPOTR predicted off-target top list. HD71 and HD180 patient iPSC-derived neuronal cultures were transduced with AAV5-miHTT at a MOI of 10^7^ (n = 3), AAV5-GFP at the same MOI (n = 3), or formulation buffer (n = 3). RNA was isolated and qPCR analysis was performed. Genes are normalized against the geometric mean of both housekeeping genes (*ACTB* and *HMBS*). Bars represent average ± SD of the percentage normalized expression with respect to formulation buffer-treated neuronal cultures. Data were evaluated using a paired Student's t test versus formulation buffer control.

Next-Generation Sequencing Confirmed the Absence of Dysregulated Genes after AAV5-miHTT Treatment {#sec2.4}
-------------------------------------------------------------------------------------------------

The *in silico* analysis, which was used to predict and study genes that might be affected by AAV5-miHTT, is potentially open to bias, so next-generation sequencing (NGS) was performed to examine the dysregulation of genes, either by miHTT or resulting from Htt protein lowering, in an unbiased manner. In total, 60,088 human transcript variants were analyzed using an unbiased RNA-seq approach in HD71 iPSC-derived neuronal cultures treated with AAV5-miHTT at a MOI of 10^5^ or 10^7^ per well, AAV5-GFP at a MOI of 10^7^ (viral transduction control), and formulation buffer (negative control). For NGS, single-end sequence reads were formatted, normalized, clipped, and quality assessed as described in the [Materials and Methods](#sec4){ref-type="sec"} section. The total number of reads ranged from 37,734,552 to 60,635,403. Genes that were upregulated or downregulated with a positive or negative fold change of ≥1.2 and with a p value \<0.05 were considered. For most *in silico*-predicted off-target genes, the changes in gene expression in the high-dose AAV5-miHTT-treated group and viral transduction control group were similar when compared with formulation buffer ([Figure 6](#fig6){ref-type="fig"}).Figure 6Confirmation of *In Silico*-Predicted AAV5-miHTT Target Genes from RNA-Seq AnalysisHD71 iPSC-derived neuronal cultures were transduced with AAV5-miHTT at a MOI of 10^5^ or 10^7^, formulation buffer as negative control, and AAV5-GFP at a MOI of 10^7^ as viral transduction control (n = 4). RNA was isolated and unbiased RNA sequence analysis was performed. The analysis of the weighted proportions fold change and p value scores between the conditions were calculated using the Baggerley's beta-binomial test. The housekeeping genes *ACTB* and *HMBS* are plotted in the graph to demonstrate equal RNA input between the treatment groups. Data were evaluated using a paired Student's t test versus formulation buffer control.

The NGS analysis identified 49 transcripts that were putatively dysregulated by miHTT expression following treatment with AAV5-miHTT ([Figure S5](#mmc1){ref-type="supplementary-material"}). After removing genes that were in low abundance (less than 500 reads) in all treatment groups and transcripts that did not show an AAV5-miHTT dose-dependent response, 12 genes were selected for qPCR validation. Although expression of some genes was lowered after AAV5-miHTT treatment, the AAV5-GFP treatment caused a greater inhibition, indicating a general AAV5 effect rather than a miHTT sequence-specific off-target effect ([Figure 7](#fig7){ref-type="fig"}). In addition, the upregulation and downregulation of the transcripts was not consistent between the two cell lines (HD71 and HD180), and in the HD180 cell line the greatest upregulation was observed with AAV5-GFP. Thus, NGS testing in HD71 iPSC-derived neuronal cultures and subsequent qPCR validation of AAV5-miHTT in iPSC-derived neuronal cultures from two different HD patients indicated no evidence of off-target activity.Figure 7qPCR Analysis of Possible Off-Target Genes in Two Different HD Patient iPSC-Derived Neuronal Cultures(A) HD71. (B) HD180. HD patient iPSC-derived neuronal cultures were transduced with AAV5-miHTT at a MOI of 10^5^ or 10^7^, formulation buffer as negative control, and AAV5-GFP at a MOI of 10^7^ as viral transduction control (n = 3). RNA was isolated and qPCR analysis was performed. Genes are normalized against the geometric mean of both housekeeping genes (*ACTB* and *HMBS*). Bars represent average ± SD of the percentage normalized expression with respect to formulation buffer-treated neuronal cultures. Data were evaluated using a paired Student's t test versus formulation buffer control.

AAV5-miHTT Does Not Have Off-Target Effects in Human iPSC-Derived Astrocytes {#sec2.5}
----------------------------------------------------------------------------

In addition to the neuronal cultures, AAV5 is also known to transduce astrocytes. Therefore, potential off-target activity of AAV5-miHTT, in terms of *in silico*-predicted targets identified by BLAST, siSPOTR, and Ingenuity Pathway Analysis (IPA) was quantified in iPSC-derived astrocytes treated with AAV5*-*miHTT or AAV5-GFP as a viral transduction control. Human iPSC-derived astrocytes (\>99% GFAP^+^, [Figure S6](#mmc1){ref-type="supplementary-material"}) were transduced with AAV5-miHTT at a MOI of 10^7^, AAV5-GFP, or formulation buffer alone as a negative control. One week after transduction, cells were harvested and total RNA was isolated. All *in silico*-predicted off-target genes were shown to be unaffected by AAV5-miHTT treatment, confirming that the lack of sequence-related off-target activity in the neuronal cultures was also observable in human astrocytes ([Figure 8](#fig8){ref-type="fig"}).Figure 8qPCR Analysis of *In Silico*-Predicted Off-Target Genes Analyzed in iPSC-Derived AstrocytesiPSC-derived astrocytes were transduced with AAV5-miHTT at a MOI of 10^7^ (n = 3), AAV5-GFP at a MOI of 10^7^ (n = 3), and formulation buffer (n = 3). RNA was isolated and qPCR analysis was performed. Data were evaluated using a paired Student's t test versus formulation buffer control. HKG, housekeeping genes.

Discussion {#sec3}
==========

This study builds on data with AAV5-miHTT from a range of animal models including rodents, minipigs, and nonhuman primates by examining human iPSC-derived neuronal cultures and astrocytes from individuals with HD. As in the animal models, AAV5-miHTT was able to dose-dependently transduce human neuronal cultures and induce the expression of mature miHTT. In human iPSC-derived neuronal cultures, AAV5-miHTT treatment was associated with significant reductions in *HTT* mRNA by approximately 57% and Htt protein by 68% with a MOI of 10^7^ genome copies (gc). This compares with an approximately 50%--70% reduction in *HTT* mRNA with AAV5-miHTT at 3 × 10^13^ gc/brain in a minipig HD model and a 98% reduction in mutant Htt protein aggregates in rodent models with AAV5-miHTT at 6.5 × 10^10^ gc/brain.[@bib5]^,^[@bib8] In terms of other similar approaches, VY-HTT01, an AAV1-miRNA gene therapy targeting HTT also under development, has demonstrated the ability to reduce *HTT* mRNA by approximately 70% in the caudate of nonhuman primates (P. Zhou et al., 2018, Hum. Gene Ther., abstract).

A major aim of this study was to investigate the different potential forms of off-target effects by AAV5-miHTT treatment whether directly through binding to non-target mRNA or indirectly through passenger strand activity or perturbation of the endogenous RNAi machinery. Passenger strand activity is a key source of indirect off-target effects for miRNA.[@bib17] AAV5-miHTT uses the miR-451 scaffold that is not targeted by DICER, so processing of this scaffold does not generate a passenger strand. The selection of AAV5-miHTT as a lead therapeutic candidate followed an extensive design and testing program that demonstrated it had strong *HTT* silencing combined with undetectable passenger strand concentration and therefore no passenger strand activity.[@bib4] The lack of passenger strand activity was confirmed in the current study by small RNA sequencing.

Another potential off-target effect of miRNA-based gene therapy is nonspecific perturbation of endogenous gene regulation by saturation of endogenous RNAi machinery.[@bib18]^,^[@bib19] This is thought to result from competition between the endogenous and engineered miRNAs for the intracellular factors and pathways that are needed for the processing of primary- and pre-miRNA.[@bib18]^,^[@bib19] Additional variables such as promoter strength may affect miRNA expression levels and protein knockdown,[@bib20] and therefore may also perturb endogenous gene regulation. Following transfection of HD iPSC-derived neuronal cultures with AAV5-miHTT, mature miHTT was expressed at physiological levels, accounting for a small proportion (1.58%) of all intracellular miRNA. This indicates that miHTT expression is unlikely to outcompete other endogenous miRNAs and thus is unlikely to influence endogenous RNAi. In separate experimental animal models, however, miRNAs have saturated endogenous pathways, causing fatalities.[@bib18] Another potential form of off-target interference would be if AAV5-miHTT affected the expression of other endogenous miRNA; however, transcriptome analysis indicated that only 10 miRNAs were impacted and the increases/decreases in expression were relatively minor (\<2-fold). Also, we showed that the target genes of these minimally differentiated miRNAs were not altered in expression. One of these miRNAs, miR-34a, which is involved in cell cycling, senescence, and apoptosis, has been reported to be downregulated in an HD mouse model;[@bib21] however, there does not appear to be published information on the other miRNAs in HD. Although multiple publications have reported on RNAi as a therapy for HD,[@bib22]^,^[@bib23] in some cases, off-target activity has been suggested to be caused by high production of the passenger strand by the miRNA, unrelated from the HTT lowering.[@bib24] We are the first to report (the absence of) changes of cellular miRNAs while significantly lowering mutant HTT mRNA and protein, which we consider an important safety aspect of this therapeutic approach.

To examine whether AAV5-miHTT treatment would impact expression of potential off-target genes, *in silico* analysis was performed using BLAST to search for off-target genes with partial guide strand complementarity and siSPOTR to predict potential off-target effects related to the seed sequence of miHTT. Of the 19 potential off-target genes identified by both *in silico* approaches, none was downregulated after AAV5-miHTT treatment. In some cases, such as the adhesion G protein-coupled receptor A2 (*ADGRA2* gene), which has roles in neural development and the maintenance of the blood-brain barrier,[@bib25] and the kinesin family member C1 (*KIFC1* gene), moderate downregulation was observed with AAV5-miHTT and AAV5-GFP, indicating a potential AAV5-mediated effect. In terms of the clinical impact of potential AAV5-mediated effects, evidence from both pediatric patients and a minipig model showed that administration of the same AAV5 vector directly into the brain was well tolerated, indicating that there is currently no evidence to suggest clinical concerns of AAV5 treatment in humans.[@bib8]^,^[@bib26]

*In silico* analyses have the potential to bias outcomes by selecting the target genes to analyze, and therefore we performed unbiased NGS to confirm the absence of dysregulated genes after AAV5-miHTT treatment in 60,088 distinct human genes. As with the *in silico*-identified targets, the NGS analysis indicated similar upregulation or downregulation with AAV5-miHTT and AAV5-GFP treatment, suggesting an effect due to the AAV5 vector rather than miHTT expression. The regulation of genes did not appear to be consistent between the cell lines from the two HD patients, and the greatest upregulation in the HD180 cell line was observed with AAV5-GFP. This difference could be due to the genetic variation, as well as the individual iPSC generation and subsequent differentiation differences, resulting in slightly different frontal brain-like cell populations. Nevertheless, NGS testing of AAV5-miHTT in iPSC-derived neuronal cultures from two different HD patients indicated no evidence of off-target activity. It would also be interesting to examine those genes in which there was a pronounced difference between AAV5-miHTT and AAV5-GFP, such as the mitochondrial proton/calcium exchanger protein (*LETM1*), apolipoprotein L6 (*APOL6*), and SH3 domain and tetratricopeptide repeats 2 (*SH3TC2*) genes, as these differences may potentially reflect Htt lowering rather than miHTT toxicity.

Given that AAV5 is known to transduce astrocytes in addition to neurons,[@bib6] we analyzed off-target effects of AAV5-miHTT in iPSC-derived astrocytes. AAV5-miHTT treatment of astrocytes had no impact on any of the *in silico*-predicted off-target genes. Therefore, the lack of sequence-related off-target activity observed in neuronal cultures was also seen in astrocytes.

The highest titer we could test, a MOI of 10^7^ for AAV5-miHTT, was used on patient iPSC-derived neuronal cultures. To shift this into the perspective of the animal studies, concentrations of vector genome copies per microgram of DNA found back in neuronal cultures were more than 2 logs higher than the highest vector genome concentrations found back in our animal studies, which were performed with the planned clinical doses.[@bib7]^,^[@bib8] Therefore, the investigated off-target effects are far beyond the ranges that will be reached in the clinic, giving us a comfortable safety margin. The limitations of higher MOIs were due to a combination of virus concentration, well-to-medium volume, and cell density.

This study confirms that the efficacy of AAV5-miHTT demonstrated in several animal studies also applies to human iPSC-derived neuronal cultures from two individuals with HD. In addition, the study extends the characterization of AAV5-miHTT treatment further by examining potential off-target effects in a cell-, disease-, and species-specific model. The efficacy of neuronal transduction, expression of mature miHTT, reduction of *HTT* mRNA, and suppression of Htt protein with AAV5-miHTT in human neuronal cultures was similar to that observed in animal models for AAV5-miHTT. With the highest MOI of 10^7^, the transduction efficiencies were even higher, which fits the experiment to be used for determination of off-target effects. An extensive series of analyses also indicated that AAV5-miHTT treatment was processed correctly without off-target passenger strand and that no cellular miRNAs were dysregulated, indicating that the endogenous RNAi machinery was unaffected by miHTT overexpression. qPCR validation of *in silico*-predicted off-target transcripts, NGS, and pathway analysis confirmed the absence of dysregulated genes due to sequence homology or seed-sequence activity of miHTT. Minor effects on gene expression were observed in both AAV5-miHTT- and AAV5-GFP treated-samples, suggesting that they were due to viral transduction rather than miHTT. Therefore, this wide-ranging analysis indicates the lack of off-target effects associated with AAV5-miHTT treatment and provides confidence in the efficacy and safety profile of this therapeutic candidate as it moves further into clinical studies.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

HD71 and HD180 neuronal cultures were 2-week-matured frontal brain-like neuronal cells differentiated from ND42229\*B iPSCs and CS97iHD-180n2 iPSCs, respectively, by dual inhibition of SMAD signaling.[@bib9] As control cells, ND42245\*F iPSCs were differentiated into astrocytes. In all experiments, iPSC-derived frontal brain-like neuronal cultures were seeded in poly(D) and laminin-precoated 24-well plates. For the second coating, laminin solution was aspirated briefly before the cells were seeded to ensure that wells did not dry out. iPSC-derived frontal brain-like neuronal cells were counted before seeding using the NucleoCounter NC-100 (ChemoMetec, Allerod, Denmark). Frontal brain-like neuronal cells were seeded in 1 × 10^5^ cells/well in 0.5 mL of supplemented neuron maturation medium (STEMCELL Technologies, Grenoble, France). Astrocytes were seeded in 5 × 10^4^ cells/well in 0.5 mL of supplemented astrocyte maturation medium (STEMCELL Technologies, Grenoble, France). After seeding, the medium was refreshed twice per week by washing with 1 mL of Dulbecco's PBS (DPBS) before addition of fresh medium.

Viruses and Transduction {#sec4.2}
------------------------

AAV5 vector encoding cDNA of the miHTT cassette and enhanced GFP was produced by a baculovirus-based AAV production system (uniQure, Amsterdam, the Netherlands) as described previously.[@bib4] Expression was driven by a combination of the cytomegalovirus early enhancer element and chicken β-actin promoter, and the transcription unit was flanked by two noncoding AAV-derived inverted terminal repeats. Transductions were performed 2 days after the cells were seeded using different doses of AAV5-miHTT, AAV5-GFP at a MOI of 10^7^, and formulation buffer as negative control (n = 3). Before transduction, the medium was aspirated, and cells were rinsed with 1 mL of DPBS.

Vector Genome Copy Determination {#sec4.3}
--------------------------------

Vector genome copy determination of the transduced cells was performed by first isolating DNA using the DNeasy Blood and Tissue kit protocol (QIAGEN, Venlo, the Netherlands). DNA was eluted in 50 μL of water for injection, and the concentration was measured by NanoDrop 2000 (Thermo Fisher Scientific, Loughborough, UK). Primers specific for the CAG promoter were used to amplify a sequence specific for the transgenes by SYBR Green Fast qPCR (Thermo Fisher Scientific). The vector genome copies per microgam of genomic DNA input of the samples were calculated by interpolation of a standard line of the expression cassette. To define the background levels of the qPCR, a blank sample was subjected to qPCR using the same expression cassette-targeting primers.

RNA Isolation {#sec4.4}
-------------

The medium was aspirated, and the cells washed with PBS before 600 μL of TRIzol (Thermo Fisher Scientific, Loughborough, UK) was added to each well. RNA isolation was performed immediately using the Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA, USA) or plates were transferred to −80°C after TRIzol was added and RNA isolated at a later time point. A DNase treatment supplied by the kit was performed during the RNA isolation. RNA concentration was measured using 1 μL in the NanoDrop 2000 (Thermo Fisher Scientific, Loughborough, UK). RT-PCRs were performed on a Biometra TAdvanced thermal cycler (Biometra, Göttingen, Germany).

Random cDNA Synthesis {#sec4.5}
---------------------

*HTT* mRNA lowering was assessed using the DyNAmo cDNA synthesis kit with random hexamer primers (Thermo Fisher Scientific, Loughborough, UK). To determine mRNA expression levels of off-target genes, the Maxima first-strand cDNA synthesis kit was used with random hexamer primers (Thermo Fisher Scientific, catalog no. K1672). For each cDNA synthesis assay, a non-reverse-transcribed control was analyzed. For the off-target genes also a non-DNase-treated sample was taken along as a control.

Mature miHTT Guide Strand-Specific cDNA Synthesis and Guide Strand qPCR {#sec4.6}
-----------------------------------------------------------------------

To determine miHTT (miRNA molecule) levels, the TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific, Loughborough, UK) and gene-specific RT primers to target miH12-451-23nt and internal control U6 (Thermo Fisher Scientific, Loughborough, UK) were used. Mature miHTT levels in the samples were calculated by normalized control miRNA and relative to the formulation buffer control group. To control for genomic DNA contamination in the samples an RT and a no template control sample were subjected to qPCR using the same primer-probe set specific for miHTT. RT-PCRs were performed on a Biometra TAdvanced thermal cycler (Biometra, Göttingen, Germany).

*HTT* mRNA qPCR {#sec4.7}
---------------

*HTT* mRNA levels were quantified by a TaqMan qPCR to assess *HTT* mRNA lowering. TaqMan primer and probe combinations were ordered for the *HTT* (Thermo Fisher Scientific, Loughborough, UK) and *GAPDH* (Thermo Fisher Scientific, Loughborough, UK) genes. For relative expression levels *GAPDH* was used as the housekeeping gene.

Htt Protein Expression {#sec4.8}
----------------------

Htt protein expression in cell pellet homogenates was analyzed by an ultrasensitive single molecular counting (SMC) immunoassay (IRBM Science Park, Pomezia, Italy), similar to the previously described analysis of mutant Htt protein.[@bib27] The assay is based on the use of a capture antibody (2B7), coated on magnetic beads, and a detection antibody (MAB2166) labeled with a fluorescent dye. The analyte is quantified with respect to standard curve of recombinant Htt (N548 Q23 recombinant Htt protein). Htt protein concentrations were expressed in pg Htt/μg total protein and then calculated as percentage of expression with respect to the control (PBS-treated) group.

Off-Target Genes qPCR {#sec4.9}
---------------------

SYBR Green qPCRs were performed to test AAV5-miHTT off-target effects, using primers designed based on the sequence of the human transcript (<https://www.ensembl.org>). The primers were tested in six different qPCR runs. For sequences, see [Table S3](#mmc1){ref-type="supplementary-material"}.

NGS Sequencing and Analysis {#sec4.10}
---------------------------

500--1000 ng of total RNA from the HD71 frontal brain-like neuronal cells transduced with formulation buffer, AAV5*-*miHTT, or AAV5-GFP was reverse transcribed and single-end sequence reads were generated using the Illumina HiSeq2500 system (BaseClear, Leiden, the Netherlands). FASTQ sequence files were generated using the Illumina Casava pipeline version 1.8.3. Initial quality assessment was based on data passing the Illumina chastity filtering. Subsequently, reads containing PhiX control signal were removed using an in-house filtering protocol. In addition, reads containing (partial) adapters were clipped (up to a minimum read length of 50 bp). The second quality assessment was based on the remaining reads using the FASTQC quality control tool version 0.10.0. Each condition was analyzed in quadruplicates. The number of reads varied from 39,153,379 to 60,635,403, with high average quality scores of 38.30 to 38.53.

The analysis of the weighted proportions fold change and p value scores between the conditions were calculated using Baggerley's beta-binomial test. The fold change in gene expression was calculated for each comparison. The weighted proportions fold change and p value scores were uploaded in IPA software (version 01-13). With IPA, genomics data can be analyzed and relationships between genes can be visualized. In IPA a selection was done on the genes in which the following cut-offs and settings were used: genes that were upregulated or downregulated with a positive or negative fold change of ≥1.2 and with a p value \<0.05 were considered. The fold change cut-off was set on 1.2 since a lower fold change is within normal variability. Comparisons between the AAV5*-*miHTT, formulation buffer, and AAV5-GFP treatment groups were performed. The fold change and p value per transcript per comparison were loaded into IPA to identify direct and indirect off-targets or relationships.

Small RNA Sequencing {#sec4.11}
--------------------

Total RNA of HD71 iPSC-derived frontal brain-like neuronal culture transduced with AAV5*-*miHTT at a MOI of 10^7^ and formulation buffer was sent out for small RNA sequencing (BaseClear, Leiden, the Netherlands). Each condition was analyzed in quadruplicate. Small RNA sequencing libraries for the Illumina platform were prepared and sequenced at BaseClear (Leiden, the Netherlands). Total RNA was first assessed for quality by measuring the RNA integrity number (RIN) value on a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) with the RNA 6000 Nano kit (Agilent, Santa Clara, CA, USA), analyzed using the 2100 Expert software (version B.02.09.SI725) and used as input for library preparation using the NEXTflex small RNA-seq kit v3 (Bioo Scientific, Austin, TX, USA). Briefly, the small RNA species were subjected to ligation with 3′ and 5′ RNA adapters, first-strand reverse transcription, and PCR amplification with sample-specific barcodes. The PCR products were separated on Tris-borate-EDTA (TBE)-PAGE electrophoresis, and the expected band around 140--160 bp was recovered for each sample. The resulting sequencing libraries were checked and quantified on a BioAnalyzer (Agilent, Santa Clara, CA, USA). Next, the libraries were multiplexed, clustered, and sequenced on an Illumina HiSeq 2500 with a single-read 50 cycles sequencing protocol plus indexing. The sequencing run was analyzed with the Illumina CASAVA pipeline (v1.8.3), with demultiplexing based on sample-specific barcodes. The raw sequencing data produced were processed by removing the sequence reads that were of too low quality (only "passing filter" reads were selected) and discarding reads that aligned against the PhiX control library. In addition, reads containing (partial) Illumina adapters were clipped (up to a minimum read length of 50 bp). The second quality assessment was based on the remaining reads using the FASTQC quality control tool version 0.10.0. The number of reads varied from 14,531,779 to 17,758,794, with high average quality scores of 38.49 to 38.61. The analysis of the miRNA processing of AAV5-miHTT was performed using CLC Genomics Workbench 10 (version 10.1.1).

*In Silico* Off-Target Prediction {#sec4.12}
---------------------------------

AAV5-miHTT off-target effects were assessed using the NCBI BLAST tool (<https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch>) using different parameters to ensure all possible off-target effects were identified. Off-target effects were checked for the shortest (19 nt), the longest (29 nt), and most abundant (24 nt) miHTT variants. The analysis was performed using two different databases (Reference RNA sequences \[refseq_rna\] and Human genomic plus transcript \[Human G+T\]), using both a stringent, highly similar sequences (megablast) algorithm and a less stringent, somewhat similar sequences (blastn) algorithm to check for off-target effects. For all three miHTT variants, the top 100 hits from all four analyses, two databases, and for each a stringent and less-stringent algorithm were used to generate a list of individual genes. The siSPOTR tool (<https://sispotr.icts.uiowa.edu/>) was used to assess the off-target effects of the seed sequence of AAV5-miHTT, which is ranked by a probability of off-target score (POTS) and transcript POTS (tPOTS) (see [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}).[@bib16] From the full list of genes from the siSPOTR analysis we selected the top 15 genes in the off-target analysis ([Table S4](#mmc1){ref-type="supplementary-material"}).
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